Significant ethylene epoxidation activity was observed over Nb-and W-incorporated KIT-6 materials with aqueous hydrogen peroxide (H 2 O 2 ) as oxidant and methanol as solvent at mild operating conditions (35 °C and 50 bars) where CO 2 formation is avoided. The Nb-KIT-6 materials generally show greater epoxidation activity compared to the W-KIT-6 materials.
Introduction
Ethylene oxide (EO) is one of the widely used chemical intermediates, with applications in the production of detergents, thickeners, solvents, plastics and various organic chemicals. In 2013, the global EO production capacity was approximately 20.5 million metric tons. During the next decade, the EO demand is projected to grow at an annual rate of 6-7%. 1 Currently, EO is produced through vapor phase ethylene epoxidation over Ag-based catalysts using O 2 as oxidant.
A major challenge in this technology has been to curtail the burning of ethylene as well the EO to CO 2 at typical reaction temperatures (200-240°C). To reduce burning, promoters such as Cs, Cd, Cu and Pt have been added to the Ag catalyst. [2] [3] [4] Such catalyst modifications have resulted in remarkable enhancements in EO selectivity, from 45% in 1945 to approximately 90% at present.
Despite these improvements, the CO 2 released as byproduct is still approximately 3.4 million metric tons per year, making it the second largest emitter of CO 2 among all chemical process after ammonia synthesis. Further, the ethylene burning alone translates to a monetary loss of approximately $1.6 billion/year assuming an ethylene price of 32¢/lb. 5 With the increased availability of ethane as a collateral product from shale gas recovery, alternate EO technologies that better conserve ethylene feedstock have assumed renewed importance. Recently, we reported a liquid phase ethylene epoxidation process (also referred herein as the CEBC process) that eliminates ethylene burning and produces EO with nearly total selectivity. 1, 6, 7 At mild operating conditions of 40 °C and 50 bar, the catalyst (methyltrioxorhenium, MTO) shows high activity (1, ,970 mg EO/h/g Re) with the H 2 O 2 fully utilized toward EO formation. 1 The oxidant (H 2 O 2 ), operating conditions (20-40°C, 50 bar) and solvent (methanol) are very similar to those employed in the Dow-BASF HPPO technology for making propylene oxide. 8 The main difference is that the HPPO process uses a heterogeneous wt.% purity) were purchased from Sigma-Aldrich and used without further purification. The EO standard was purchased from Supelco Analytical.
Catalyst synthesis and characterization
Mesoporous W-KIT-6 and Nb-KIT-6 catalytic materials used in this study were synthesized and characterized in detail, as reported elsewhere.
17,18
Silylation of Nb-KIT-6 using hexamethyldisilazane (HMDS)
In a typical silylation procedure, 2 g of Nb-KIT-6 (Si/Nb = 40) was heated to 120 °C under vacuum for 12 h. The calcined material was then dispersed in 30 mL of a 5 wt.% solution of HMDS in dry toluene. The dispersion was stirred for 7 h at 120 °C. The resulting solid was filtered and washed with 100 mL of dry toluene and 200 mL of anhydrous ethanol. This process was repeated thrice.
Catalytic epoxidation studies
The schematic of the reactor setup is shown in Figure S1 (ESI). The reactor and the operating procedure have been described previously. 1 Briefly, the catalysts were tested for ethylene epoxidation in a 50 mL Parr reactor operated at 35 °C, 50 bar and at 1400 rpm (to eliminate gasliquid mass transfer limitations). At these conditions, ethylene (P c = 50.6 ± 0.5 bar, T c = 9.3 ± 0.5 °C) is near its critical point and hence exhibits liquid-like density, causing it to substantially dissolve in the liquid phase, expanding its volume by up to 15%. The following definitions are used in assessing the performance of the tested catalysts.
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where TOF, S EO , U H2O2 , and X H2O2 denote EO productivity (mg EO/h/g metal), EO selectivity, Tables 2 and 3 , the uncertainty in the measured values of the various performance metrics, established through repeated runs, is within 3% of the reported mean values.
Results and discussion

Catalyst Characterization
Detailed physicochemical characterizations of the catalyst samples may be found elsewhere. 17, 18 Only the salient features are summarized here. The mesoporous nature of W and
Nb catalyst samples was confirmed by small angle X-ray scattering and N 2 sorption studies. The physicochemical characteristics are summarized in Table 2 .
The support material, Si-KIT-6, showed negligible EO formation. However, under similar operating conditions, the W-and Nb-incorporated KIT-6 materials are active for ethylene epoxidation. The TOF observed with W-KIT-6 (34-152 mg EO/h/g W) and Nb-KIT-6 (234-794 mg EO/h/g Nb) catalysts are at the lower end of the activity reported for conventional Ag catalysts (700-4,400 mg EO/h/g Ag). 22 The initial epoxidation rate (R EO ) estimated from the slope of the temporal formation profile at early time, was used to quantitatively assess the significance of gas-liquid (α 1 ), liquid-solid (α 2 ) and intraparticle mass transfer resistances (φ), employing established criteria (Table 4) . 23, 24 The estimated values of α 1 , α 2 and φ are 1.83 (10 -4 ), 3 (10 -13 ) and 9.5(10 -14 ), respectively, indicating that both external and intraparticle mass transfer limitations are insignificant at the investigated conditions. Details of estimating these parameters are presented in Tables S1 and S2 (ESI).
As inferred from Table 2 , entries 9, 10 and 11), Nb 2 O 5 and niobium oxalate (see Table 2 , entries 12 and 13) were tested under similar operating conditions.
Even though all the tested catalysts show activity for ethylene epoxidation, the H 2 O 2 utilization efficiency (U H2O2 ) ranges from 1.8-18.8 % ( Table 1 ) is a causative factor for H 2 O 2 decomposition.
The effect of temperature on EO productivity was investigated with the Nb-KIT-6
catalyst that showed the highest activity (Si/Nb = 20). As inferred from Figure 1 shows the temporal variations in the formation of EO and other liquid phase products (EG and 2-ME) over Nb-KIT-6 (Si/Nb = 20) at 35°C. Clearly, the EO selectivity decreases with time due to several parallel adverse events, including reaction of the EO to form side products (such as EG and 2-ME), metal leaching and H 2 O 2 decomposition. It is known that the presence of water blocks Lewis acid sites and forms Brønsted acid sites. 10 While Lewis acidity enhances ethylene conversion and stabilizes the epoxide, Brønsted acid sites are known to favor the ring opening of chemisorbed epoxide to form the glycol. 25 As shown in Figure 2 , the EO selectivity decreases significantly over Nb-KIT-6 catalysts as the number of Brønsted acid sites increases.
Catalyst/H 2 O 2 stability
Recycle tests were carried out with selected catalyst samples for up to two cycles. Following the initial run with the fresh catalyst, the recovered solids were calcined in air at 500°C for 5 h and reused. As summarized in Table 3 , ICP-OES analysis of the spent reaction mixture revealed that 32~75% of the metal in the catalyst had leached out during the first 5 h run. Interestingly, as shown in Table 2 (entries [14] [15] [16] [17] [18] [19] , the TOF of the recycled W-KIT-6 and Nb-KIT-6 catalysts increased during the second 5 h run with the recovered catalysts from the first run. This suggests that inactive metal species (such as the oxides) initially leach out. However, as seen with the W-KIT-6 samples, the framework-incorporated metal species also leach out in subsequent recycles resulting in a TOF decrease during the second recycle run ( decomposition) stem from the acidity of the M-KIT-6 materials due to metal incorporation.
These mechanistic insights therefore suggest that reducing the acidity could minimize, if not eliminate, these adverse side reactions.
Performance of silylated catalysts
Silylation, involving the substitution of -OH groups on the catalyst surface by -OSiR 3 groups, has been shown to reduce acidity and H 2 O 2 decomposition. 30 In addition, silylation is also reported to make the catalyst pores more hydrophobic, thereby excluding water. 31 In an effort to reduce the undesired side reactions, a fresh batch of Nb-KIT-6 (Nb/Si = 40) was silylated according to reported procedure 32 and tested for ethylene epoxidation. As summarized in Table 2 (entries 20-21), it was found that the silylated catalysts display higher EO selectivity even though the EO yield is lower than the calcined catalysts under similar operating conditions.
The corresponding H 2 O 2 conversion (X H2O2 ) in the silylated catalyst was roughly a third of that observed on the calcined catalyst with slightly higher H 2 O 2 utilization efficiency (U H2O2 = 5.3 %).
It seems plausible that some of the active metal sites in the catalyst are blocked by the long chain -OSiR 3 groups. Further, based on ICP-OES analysis, approximately 25% of the Nb metal leached out of the silylated catalysts after 5 h, which is slightly less than the leaching observed with the calcined but unsilylated catalysts (36% Nb leaching under similar reaction conditions, Table 2 .
